The second-order nonlinear-optical response of a material is measured in two dimensions of frequency. This new spectroscopy technique, based on the use of Fourier-transform spectral interferometry, is a transposition to optics of two-dimensional nuclear magnetic resonance. Although we demonstrate the technique by measuring the second-order phase-matching map of a nonresonant nonlinear crystal, this method should f ind useful applications in the measurement of second-order nonlinear susceptibility and in photon-echo experiments.
Many of the concepts of nonlinear optics stem from the field of nuclear magnetic resonance (NMR). However, most pulsed NMR experiments make use of a full measurement of the magnetization induced in the sample under study, a task easier to achieve in magnetic resonance than in optics because of the much lower oscillating frequencies in the former. Although the original demonstration of photon echo was based on a time-resolved measurement, 1 later experiments performed in the femtosecond regime were most often based only on the measurement of the total energy of the echo signal. 2 More recently it was shown that valuable information could be gained from timeresolved photon-echo experiments. 3 Still, it is even more interesting to measure fully the nonlinear signal in both amplitude and phase. 4 Indeed, the lack of a full characterization of the emitted signal prevents the use of one of the most fruitful NMR techniques, Fourier NMR. 5 
Spectral interferometry
6,7 is a measurement technique sensitive to the spectral phase of femtosecond pulses, provided that a known reference pulse is available. It was applied previously to the measurement of the nonlinear refractive index in femtosecond experiments. 7 -9 In this Letter we make use of a recent improvement of spectral interferometry, namely, Fourier-transform spectral interferometry, 10 to measure fully the coherent transient emitted by a material following its excitation by a sequence of two femtosecond pulses. Because this new spectroscopy technique is a direct analog of two-dimensional Fourier NMR (2D NMR), we call it two-dimensional nonlinear optics (2D NLO). It provides a measurement of the second-order nonlinear response function, J ͑2͒ ͑v 1 , v 2 ͒, in two dimensions of frequency, v 1 and v 2 , as in 2D NMR. This nonlinear response function appears in the second-order term of a power-series expansion of the electric field emitted by a sample in a NLO experiment:
where E͑v͒ is the exciting electric field in the frequency domain. It can easily be shown 11 that the nonlinear response function is simply the product of a propagation factor, related to phase matching, with the standard second-order nonlinear susceptibility
With a sample of small thickness, so that propagation effects can be neglected, 2D NLO then yields directly a measurement of the nonlinear susceptibility as a function of frequency. This prospect of getting fundamental information on the electronic properties of the material is promising, 12 but the method requires the use of a laser spectrum broad enough to encompass the spectral region of interest of the sample. As a first step for demonstration purposes, here we use another limit: the nonlinear susceptibility is assumed to be independent of frequency, whereas the sample is moderately thick, so propagation effects dominate. The 2D response function then corresponds to a phase-matching frequency map of the crystal. It can be exactly calculated, so our experimental results can be compared with a reliable theory.
Let us now describe in more detail the technique of 2D NLO. As in 2D NMR, we use a sequence of two identical exciting pulses, separated in time by a delay 2t, corresponding to the electric fields E͑t 1 t͒ and E͑t 2 t͒. The original pulse, E͑t͒, known in both amplitude and phase, is either a Fourier-transformlimited pulse delivered by a laser oscillator or a pulse characterized by one of the now standard phaseretrieval techniques. 13, 14 These two pulses are focused onto the material following a noncollinear geometry, so only the light resulting from their interaction, emitted along the bisection between the two beams, is collected. The resulting electric field in the frequency domain reads as
The second-order electric field obtained for a given sum frequency, v v 1 1 v 2 , and time delay, t, is therefore expressed as an inverse Fourier transform with respect to the difference frequency s v 1 2 v 2 . The nonlinear response can then be retrieved as a simple Fourier transform with respect to the time delay t, divided by the exciting-pulse electric fields:
Because we assume the exciting pulses to be known in both amplitude and phase, Eq. (3) shows that the nonlinear response J ͑2͒ ͑v 1 , v 2 ͒ can thus be obtained from a set of complex spectra, E t ͑2͒ ͑v͒, recorded as a function of the time delay t. Figure 1 shows the experimental setup for implementing the technique just described. The secondorder electric field, E t ͑2͒ ͑t͒, is generated in a setup similar to that of a background-free autocorrelator, outlined by a dashed box. This is one arm of a Mach -Zehnder interferometer. A reference pulse E 0 ͑t͒ is generated through frequency doubling in a thin nonlinear crystal of known response function placed in the second arm of the interferometer. The two beams are then recombined through a beam splitter in such a way that the reference pulse is ahead of any second-order emission, which occurs because of the causality after the two exciting pulses. Under these conditions, Fourier-transform spectral interferometry provides the complex quantity E 0 ‫ء‬ ͑v͒E t ͑2͒ ͑v͒, and therefore E t ͑2͒ ͑v͒, from the spectral interference between the two beams, recorded as channel A of a spectrometer and a 2D CCD detector. The experiment requires accurate knowledge of the time delays between all three pulses, which is achieved through measurement of the spectral interference between the two exciting pulses and the reference pulse, recorded as channels B and C on the CCD detector (area outlined with a dotted box). Note that a slit allows one spatial fringe to be selected, effectively forcing two initially noncollinear beams to interfere. The time delays are then known with an interferometric accuracy, allowing for a numerical correction of the spectral interferogram recorded on channel A.
In our experiment we use a homemade Ti:S oscillator, 15 delivering nearly transform-limited 35-fs pulses. The pulses are frequency doubled in a 200-mm-thick Type I KDP crystal in the reference arm of the setup shown in Fig. 1 to generate the reference pulse, also nearly transform limited. The nonlinear sample is a 3-mm-thick KDP crystal cut for Type II phase matching, 16 which implies that a half-wave plate has been added on one of the exciting beams to rotate its polarization. The corresponding second-order nonlinear response function is 11
where k o͑e͒ ͑v͒ is the ordinary (extraordinary) wave vector in the material and L is the sample thickness. Figure 2(a) shows the raw experimental data corresponding to the spectral interference between the second-order electric field E t ͑2͒ ͑v͒ and the reference pulse as a function of both frequency and time delay. The spectra show erratic phase jumps as a function of t, resulting from imperfections in the translation stages used in the experiments. Yet the interferogram obtained after numerical correction for the actual optical paths measured simultaneously through channels B and C of our spectrometer shows a high-quality fringe pattern [ Fig. 2(b) ]. E t ͑2͒ ͑v͒ is computed from this corrected interferogram and then Fourier transformed with respect to t, according to Eq. (3), to produce a signal depending on the sum frequency v and the difference frequency s. Finally, the data are divided by the electric fields of the exciting pulses. Figure 3(a) shows the amplitude of the 2D response function thus obtained. The horizontal lines on the image result from the finite spectral resolution in s. As in regular Fourier-transform spectrometry, 17 one can improve this spectral resolution by increasing the scanning range of the time delay between the two exciting pulses. The spectral resolution in v is simply that of the spectrometer. The noise on the high-frequency side of the image results from the division by a vanishing electric field in this frequency range. Indeed, J ͑2͒ ͑v 1 v 2 ͒ is measured only for v 1 and v 2 within the exciting-pulse spectrum. In the relevant frequency range, the experimental result shows very good agreement with theory [ Fig. 3(b) ] as obtained with Eq. (4) and the tabulated values of the refractive index of KDP.
In conclusion, we have developed a new technique to measure the 2D frequency response function of a nonlinear material and demonstrated it on the phasematching map of a Type II KDP crystal. The use of thinner crystals and spectrally broader exciting pulses will permit probing the second-order nonlinear response x ͑2͒ ͑v 1 , v 2 ͒ with good sensitivity and high spectral resolution. Especially interesting results should be obtained by probing the absorption region of the material. Just as a 2D NMR spectrum provides information on the coupling between spin systems, a 2D NLO spectrum can provide relevant information on the coupling between excited states. 12 Finally, we stress that minor modifications to our experimental setup can make it suitable for the measurement of higher-order response functions, especially for four-wave mixing or photon-echo experiments.
